larger than kilometer-size, which have negligible radial drift. Therefore, H 2 O enrichments in the inner disk would be expected before the appearance of kilometersize bodies in the outer disk. 34 . J. N. Cuzzi, K. J. Zahnle, Astrophys. J., in press. 35. Recently, UV dissociation of CO at high altitudes in the disk has been numerically estimated (42). Lyons and Young assume H 2 O ice as a carrier of the 16 Opoor oxygen formed by their photodissociation process to generate 16 O-poor gas in the disk midplane similar to an idea that we had presented in our preliminary study (22) . However, the degree of fractionation by the disk photochemistry is dependent on many unconstrained factors, including far-UV flux, the intensity of vertical eddy mixing, and the efficiency of H 2 O formation. A more detailed study coupled with disk dynamics is needed to evaluate the contribution of their CO dissociation at high altitudes in the disk to oxygen isotopic heterogeneity observed in the solar system. 36. The bulk differences in oxygen isotopic composition observed among the meteorite groups and planets (1) could be explained by accretion at different times or by the incorporation of different amounts of nonvaporized water ice and solids with different degrees of the solid-gas equilibration. The solid-gas equilibration and the evolution of oxygen isotopic compositions of the gas in the inner region of the disk may have been recorded by refractory inclusions and chondrules in primitive meteorites. 37 16 O-enrichment observed in most Ca-A1-rich inclusions (1) . Recently, a chondrule having twice the traditional enrichment (␦ 17 and 18 O SMOW of about -75‰) has been reported (2) . Although such chondrules are rare, its least fractionated bulk chemical composition from the solar abundance suggests that the average oxygen isotopic composition of silicate in the solar system was originally more enriched in 16 O than the traditional value. According to our model, such an extreme 16 O-rich chondrule is interpreted as a closer representation of the pristine solar nebula value, implying that the ordinary refractory inclusions are no longer representative of the bulk solar nebula but moderately reprocessed by the interaction with the 17 (7) (8) (9) (10) (11) (12) . The Mg/Ca content of foraminifera increases exponentially with temperature (ϳ9 Ϯ 1% per 1°C) and is relatively insensitive to salinity and ice-volume fluctuations (7, 8) . Low-resolution paired benthic foraminifer Mg/Ca and ␦ 18 O studies designed to constrain the timing and magnitude of pre-Quaternary ice-volume fluctuations suggest substantial Antarctic ice growth (ϳ0.85‰) and a concomitant deep ocean cooling (2°C to 3°C) during the MMCT (11, 12) . The magnitude of Antarctic ice growth and rapidity of this climate transition [Ͻ0.5 million years (My)] suggests that Earth's climate system was highly sensitive to oceanic, atmospheric, and cryospheric feedbacks.
Ocean circulation and atmospheric pCO 2 variations are often cited as potential catalysts of the MMCT (13) (14) (15) (16) (17) . Large-scale reorganizations of ocean circulation driven by atmospheric circulation changes and/or tectonic reorganizations of gateway regions may have altered poleward heat and moisture transport, resulting in Antarctic ice growth and global cooling (13) (14) (15) . Ocean circulation hypotheses are supported by ␦ 13 C proxy evidence (14, 15, 18, 19) and the timing of tectonic events in the eastern Tethys/Indonesia (4, 20) and the North Atlantic (13) . Alternatively, atmospheric pCO 2 drawdown, through organic carbon sequestration on the mid-latitude continental margins (16) and/or enhanced silicate weathering rates (17) , may have driven Antarctic ice-sheet expansion and cooling at ϳ14 Ma. Support for this "Monterey Hypothesis" comes from thick, organic carbon-rich Miocene sedimentary sequences around the Pacific Rim (4, 16) and a corresponding ϳ 1‰ increase in global deep sea ␦ 13 C (4, 16, 21, 22) . A potential complication of the hypothesis is revealed by paleopCO 2 estimates (23-25), which indicate that atmospheric pCO 2 levels declined Ͼ3 My before the MMCT and provide little support for either elevated atmospheric pCO 2 during the warm Miocene climatic optimum (MCO) (17 to 14 Ma) or a semipermanent atmospheric pCO 2 decrease at the MMCT. These estimates indicate that factors other than those related to global carbon cycling may contribute to this major Cenozoic climate transition. To evaluate the processes and feedbacks involved in the MMCT, detailed information is needed regarding the phasing of carbon cycling, Antarctic ice growth, and high-latitude oceanic/atmospheric cooling. Acquiring this information has thus far proven difficult because of the limited availability of CaCO 3 -rich Southern Ocean sediments and the lack of an unambiguous paleotemperature proxy.
Here, we present an independent record of middle Miocene high-latitude Southern Ocean sea surface temperature (SST). To establish the thermal and hydrographic response of Southern Ocean surface waters and the phasing of high-latitude SST change, Antarctic cryosphere expansion, and global carbon cycling between ϳ17 and 13 Ma, we generated paired Mg/Ca and ␦ (26) (Fig. 1) . Plate tectonic reconstructions indicate that Sites 1170 and 1171 were situated at ϳ55°S in the middle Miocene (27) , with calculated paleodepths of 2100 m and 1600 m, respectively (28) . We used G. bulloides for several reasons. First, a well-defined modern subantarctic G. bulloides Mg-temperature calibration exists (7).
Second, previous studies demonstrate the utility of G. bulloides Mg/Ca in reconstructing Quaternary subantarctic SSTs (7, 9) . Finally, G. bulloides is continuously present through both STR middle Miocene sequences (26) . Hole 1171C Miocene G. bulloides Mg/ Ca ranges between ϳ1.7 and 4.3 mmol/mol ( Fig. 2 and table S1); minimum Mg/Ca values are similar to those from subantarctic core tops (7, 9) . The main feature of the G. bulloides Mg/Ca record is the 1.8 mmol/mol point-to-point decrease centered at 166.4 m below sea floor (mbsf) that marks the transition from relatively high to relatively low Mg/Ca. Three step-like features are superimposed on this transition (Fig. 2) (7, 9) . As ours is the first preQuaternary study employing this calibration, we assume that the environmental preferences of middle Miocene subantarctic G. bulloides and physical processes governing Mg uptake are similar to those in modern subantarctic G. bulloides. These processes and seawater Mg/Ca (31) may have changed through time and could contribute an additional uncertainty of up to 3°C in the conversion of Mg/Ca to absolute temperature (SOM Text). However, this uncertainty would not affect the magnitude of inferred temperature shifts on time scales Ͻ1 My. Age models derived from magnetostratigraphy, biostratigraphy, and stable isotope datums (32) 
Mg/Ca evidence from Hole 1171C indicates that regional SSTs were ϳ2°C cooler after ϳ14 Ma (14.7 Ϯ 1.1°C; 13.9 to 12 Ma) than during the preceding MCO (17.0 Ϯ 1.2°C; 17 to 14 Ma) (Fig. 3) (3, 4) . Paleobotanical and faunal paleotemperature estimates from southern Australia and New Zealand support this trend and are similar to, or slightly cooler than, G. bulloides Mg/Ca-derived SST estimates (4, 33) . The major feature of the STR SST record is a ϳ7°C (point-topoint) transition (14.2 to 13.9 Ma) from the warmest MCO to cooler post-MMCT SSTs (26) . ODP Site 1170 is located 50 km northwest of Site 1171, beyond the influence of the EAC (26) . In the middle Miocene, the STR was situated at ϳ55°S, 5°to 7°south of its present location (27) . Backtracked middle Miocene paleodepths of Sites 1170 and 1171 are 2100 m and 1600 m, respectively (28) . Currently, STR hydrography is controlled by the Subtropical Convergence (STC) to the north and the Subantarctic Front (SAF) to the south. Seasonal SST variation is ϳ4°C (26, 39) . G. bulloides calcifies in the mixed layer during the austral spring when regional surface temperatures range between 8°C and 12°C (9, 39) . ( Fig. 3) . Inferred orbital-scale [ϳ400 and 100 thousand years (ky)] SST variability is particularly pronounced during the MMCT. (9, 35) .
Orbital-scale cyclicity (400 and 100 ky) is inferred in the STR records of G. bulloides Mg/Ca and C. mundulus ␦ 18 O and ␦ 13 C. This cyclicity indicates a potential role for Milankovitch forcing during the MMCT, which suggests that Earth's climate system was particularly sensitive to forcing at eccentricity frequencies between ϳ15 and 13.5 Ma. Comparison of orbital curves (36) to untuned STR SST and C. mundulus ␦ 18 O, an ice-volume proxy (32) (SOM Text), reveals that the MMCT occurred within an interval of high obliquity and moderate eccentricity variance (Fig. 4) (36) . This relationship suggests that, at 14.2 Ma, Antarctic ice sheets were large enough to survive warm summer orbital configurations but small enough to respond dynamically to orbital forcing (37) . Surface cooling generally corresponds with long-period (ϳ400 ky) eccentricity minima between 14.2 and 13.8 Ma (which are similar in amplitude to previous and subsequent minima) and precedes Antarctic ice growth by ϳ60 ky (as judged by the midpoints of the major Mg/Ca and C. mundulus ␦ 18 O transitions). Our data suggest that orbital forcing paced both Southern Ocean SSTs and Antarctic ice growth during the MMCT. There is, however, no obvious orbital anomaly akin to that recognized at the Oligocene/Miocene boundary (38) , and, assuming a synchronous atmospheric and SST response, the substantial time lag (ϳ60 ky) between orbital forcing and ice growth supports the notion that additional feedbacks (e.g., carbon cycling, ocean circulation, and/or ice/albedo feedbacks) may be required for substantial and rapid Antarctic ice growth. Heightened sensitivity to eccentricity forcing between 14.2 and 13.8 Ma and the phasing of SST and ice volume (␦ 18 O) are clues to identifying the feedbacks involved in this climate threshold.
Model results stress a fundamental role for atmospheric pCO 2 in Cenozoic climate change and indicate that the Antarctic cryosphere may react sensitively to climate feedbacks only when atmospheric pCO 2 is relatively low and within some narrowly defined range (37) . Sensitivity to eccentricity forcing is apparent in many middle Miocene ␦ 13 C records between 17 and 13.5 Ma (4, 14, 15, 18, 21, 22) , which suggests at least some role for the carbon cycle in the MMCT. However, the Ͼ3 My discrepancy between the initial atmospheric pCO 2 decline (23, 24) and the MMCT has shifted focus to the role of episodic pCO 2 drawdown, associated with more positive ␦ 13 C carbon maxima (CM) events, in triggering this major climate step (21) . Moderate resolution records suggest that CM events, which are attributed to climate-induced variations in marine organic carbon sequestration, co-vary with analogous ␦ 18 O events at the 400-ky frequency (14, 15, 18) . Comparison of STR G. bulloides Mg/Ca to C. mundulus ␦ 18 O (ice volume) and ␦ 13 C, a general proxy for carbon cycling and atmospheric pCO 2 , reveals that Southern Ocean surface-water cooling and Antarctic ice growth occurred between CM5 and CM6 during an interval of increasing pCO 2 (Fig. 4) (23) . This sequence of change challenges the notion that episodic pCO 2 drawdown was the primary forcing that triggered the MMCT, again implying that other feedbacks (e.g., ice/albedo) played a more significant role in this climate transition. Our records also indicate that CM6, one of the largest CM events, corresponds with maximum Antarctic ice volume and a slight warming of the high southern latitudes. This relationship raises the possibility that feedbacks related to Antarctic cryosphere expansion may have exerted control over the global carbon cycle through enhanced ventilation of intermediate and deep ocean waters and falling sea levels (4, 6, 23) . The long-term trend observed in the global ␦ 13 C record after the rapid expansion of Antarctic ice volume supports this interpretation (3).
Our results demonstrate that STR SSTs cooled 6°C to 7°C between 14.2 and 13.8 Ma, revealing that the Southern Ocean was a dynamic component of the MMCT. Eccentricitypaced Southern Ocean surface cooling and freshening suggest that atmospheric/oceanic circumpolar circulation intensified in response to orbital forcing, increasingly thermally isolating Antarctica during the MMCT (14.2 to13.8 Ma). Middle Miocene intensification of the ACC may have played a major role in Cenozoic climate evolution, both directly through changes in meridional heat transport and indirectly through changes in vapor transport. We speculate that sensitivity to eccentricity forcing increased at 14.2 Ma, immediately following peak warmth of the MCO (23-25) as a result both of low atmospheric pCO 2 (37) and of a fundamental reorganization of the climate system, specifically a tectonically mediated reduction in meridional heat/vapor transport related to the constriction of the Eastern Tethys at ϳ15 Ma (4, 14, 20) . The presence of 100-ky variability (14.2 to 13.8 Ma) and a rare shift in eccentricity cadence between 15 and 14 Ma (36) are intriguing, and future efforts should focus on understanding the evolution of the climate spectrum on orbital time scales during the MMCT. (27) ; the IgNAR C domains are represented by ovals because their structures are unknown.
